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The western bean cutworm, Striacosta albicosta (Smith), is a secondary pest of
maize (Zea mays L.) and dry beans (Phaseolus vulgaris L.) in the western United
States. Recently, this insect has undergone a major territory expansion into the
eastern US and has become a pest throughout much of the Corn Belt. This study was
instigated to examine the population genetics of this pest to facilitate control and
resistance management, as well as to shed light on the current habitat expansion. To
this end, western bean cutworm individuals were collected from 28 different
locations across the traditional and expanded range and amplified fragment length
polymorphism analysis was conducted to assess genetic variability. A total of 90
markers were analyzed, encompassing >90% of genetic variation. Gst across all
locations was low (Gst = 0.0385), while gene flow among all locations was high (Nm
= 12.929). AMOVA analysis revealed that the majority of genetic variation is within
locations (54%), suggesting interbreeding between locations. The Mantel test
revealed no correlation between geographic and genetic distance (n = 600, r =
0.036553, p = 0.226000). Locations sampled in the eastern US did not exhibit any
reduction in genetic variation in comparison to locations sampled in the western US,
so I conclude that no bottleneck event has occurred. These results suggest that there
is enough gene flow between geographically distant locations to prevent genetic
isolation from occurring. It is also possible that the western bean cutworm in the
eastern US is too recently established to exhibit any genetic differentiation from the
western US.
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CHAPTER ONE: LITERATURE REVIEW
Introduction
The western bean cutworm, Striacosta albicosta (Smith), is a pest of corn, Zea
mays (L.), and dry beans, Phaseolus vulgaris (L.), throughout the west-central United
States (Hoerner 1948, Blickenstaff and Jolley 1982). Damage caused by the western
bean cutworm is variable, but up to 40% yield loss can occur in heavily infested
cornfields (Appel et al. 1993) and up to 80% in heavily infested bean fields (Hoerner
1948). The western bean cutworm damages beans by feeding on the foliage and
developing pods (Antonelli and O’Keeffe 1981). Corn is damaged through direct
feeding on the ear, as well as indirectly through the entry of fungi at damage sites
(Appel et al. 1993).
Little research has been conducted on this pest beyond basic life history
studies. Beyond studies that examine the biology and control of S. albicosta, it is
important to study the gene flow and population dynamics of this economically
important species. With the human population steadily increasing, crop production
per acre must increase to meet the growing demand. A large part of increasing food
production is decreasing damage caused by insects. Many pest species reproduce
very rapidly, and as a result selection pressure can lead to the development of
resistance to control methods very quickly. Understanding the genetics of pest
species – their evolutionary history, the genetic structure of populations, and how
genes are expressed and interact with the environment – is a necessary step in
learning how to effectively control pest insects. Population genetic analysis can
uncover biotype formation or help determine whether certain populations have
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become resistant to control methods. Understanding the dynamics of pest
populations is important for control efforts. To date, there has been little molecular
genetic research done on the western bean cutworm.
Distribution and Life History
The western bean cutworm is classified within family Noctuidae, order
Lepidoptera. The moth was first described as Agrotis albicosta (Smith 1887), then as
Loxagrotis albicosta (Smith), and later classified as Richia albicosta (Smith). Most
recently the moth was reclassified as Striacosta albicosta (Smith) in a revision of the
family Noctuidae (Lafontain 2004). The western bean cutworm is a medium sized
moth with a wingspan of 1.5 inches (3.8 cm) (Hoerner 1948). The wings are brown
with light markings; with the costal margin of the front wings white (Hoerner 1948).
The eggs are approximately 0.03 inches (0.076 cm) in diameter, ribbed, and pearly
white (Hoerner 1948). The larvae grow up to 1.5 inches (3.8 cm) in length and are
pinkish brown in color (Hoerner 1948). Unlike most cutworms, which cut off young
plants near the soil surface, the western bean cutworm belongs to the group of
climbing cutworms that feed on foliage and fruit (Douglass et al. 1957). S. albicosta
was first collected in Arizona and was then reported in Idaho, Utah, Colorado, New
Mexico, Texas, Wyoming, Oklahoma, South Dakota, Kansas, Nebraska, Iowa, and
parts of Mexico and Canada (Douglass et al. 1957, Appel et al. 1993). Most recently,
the western bean cutworm has been reported in Minnesota (O’Rourke and
Hutchison 2000) as well as Illinois, Missouri, Michigan, Indiana, and Ohio (Rice
2000, Dorhout and Rice 2004, Rice and Dorhout 2006, Rice 2007b, DiFonzo and
Hammond 2008). In the summer of 2010 the moth was reported as far east as New
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York (Tooker and Fleischer 2010). A recent genetic analysis of western bean
cutworm subpopulations from Wyoming, Nebraska, and Iowa revealed no evidence
of a bottleneck effect, suggesting that the range expansion is more likely due to
ecological factors than to a founder population (Miller et al. 2009). A study by
Dorhout and Rice (2010) indicates that the western bean cutworm has expanded
eastward in response to a niche recently opened by the widespread planting of
maize containing the Cry1Ab protein. The Cry1Ab protein controls for many types of
Lepidopteran pests, but does not control the western bean cutworm (O’Rourke and
Hutchison 2000). Therefore, it was hypothesized that insects such as the corn
earworm, Helicoverpa zea (Boddie), outcompete the western bean cutworm,
preventing it from becoming a pest species in the eastern Corn Belt prior to the
introduction of Bt maize. The research done by Dorhout and Rice (2010) supports
the hypothesis that the western bean cutworm’s habitat expansion is due in part to
the absence of other Lepidopteran pests. Other hypotheses for the recent expansion
that are related to the adoption of Bt corn include the widespread use of
conservation till practices and a reduction in the use of pesticides. Increased use of
conservation till practices could reduce the mortality rate of overwintering prepupae. Reduction in the use of pesticides could either reduce the mortality of adults
during the flight period or reduce the mortality of larvae before they enter the ear.
Western bean cutworm is univoltine (Holtzer 1983). The adult emerges in
early July and oviposition and larval emergence are completed by early August
(Douglass et al. 1957). The oviposition period lasts approximately 8 days and the
eggs hatch 5 to 7 days after deposition (Douglass et al. 1957). On beans eggs are laid
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on the undersurface of leaves in masses of 3 to 225 and on corn eggs are laid on the
upper surfaces of leaves in masses of 21 to 195 (Blickenstaff 1983). The larvae feed
on all parts of the plant, boring into the stem and husks (Douglass et al. 1957). The
larvae are not cannibalistic (Douglass et al. 1957), which means that more than one
larva may be found per plant. The larvae enter the soil to hibernate in the fall, spend
the winter in the pre-pupal stage, and begin to pupate in the spring (Douglass et
al.1957). Rain is necessary to soften the soil sufficiently for emergence in the spring
(Douglass et al.1957). The moth’s life cycle is synchronized with pod development
in beans (Antonelli and Okeeffe 1981).
The western bean cutworm was first reported as a pest of beans in 1915
(Hoerner 1948) and became a pest of corn much later (Blickenstaff and Jolley 1982).
It is thought that the original host plants were the ground cherry and nightshade;
although the most suitable hosts for western bean cutworm are reported as beans
and corn (Blickenstaff and Jolley 1982).
Control Methods
A current action threshold for western bean cutworm in corn in Nebraska is
8% of plants infested with eggs or larvae (Appel et al.1993). The EIL, however, is
subject to change with corn prices and is lower in seed production fields. Rice
(2007a) presented an updated nominal threshold for comparison with the threshold
developed by Appel et al. (1993). Little information exists on economic thresholds in
dry beans for the western bean cutworm. Sampling for western bean cutworm
larvae in beans is problematic, so action thresholds are determined by assessing
adult populations with pheromone traps (Dorhout and Rice 2008). Seymour et al.
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2010 suggest that ≥1000 moths per trap constitutes a high level of risk for economic
damage. Seymour et al. (2010) also suggested that if pod damage begins to be
significant approximately three weeks after peak flight, an insecticide application
should be considered. Pesticides have usually been recommended for control
(Hoerner 1948, Hagen 1962) and regular sprays for other pests typically kept
populations of S. albicosta below economic threshold. Bean cultivars have been
investigated for their resistance to western bean cutworm, with the variety N203
showing slight resistance (Antonelli and O’Keeffee 1981). The use of short season
corn hybrids in conjunction with trap crops of late season hybrids has been shown
to reduce incidence of oviposition (Holtzer 1983). The female sex pheromone of the
western bean cutworm has been isolated and has potential in pheromone traps
(Klun et al. 1983), although the effectiveness for scouting and control has not been
thoroughly examined. Although transgenic corn has been successful in controlling a
number of Lepidopteran pest species, the Cry1Ab protein is not effective at
controlling the western bean cutworm (O’Rourke and Hutchison 2000). More recent
varieties of Bt corn containing the Cry1F protein, such as Herculex XTRA

from

Dow AgroSciences and SmartStax from Monsanto Company and Dow AgroSciences,
are advertised for the control of western bean cutworm
(http://www.dowagro.com/herculex/about/heruclexxtra/,
http://www.monsanto.com/products/Pages/genuity-smartstax-corn.aspx). Little is
known about the effectiveness of cultural or biological control methods for the
western bean cutworm. A difference in emergence numbers in till versus no-till
fields is possible, as the insects overwinter in the soil, but no data have been

6
published on this. Nor are there any data on the effectiveness of natural enemies at
controlling western bean cutworm in a field setting. The lack of studies in certain
cases is likely because there has been little success in rearing significant numbers of
western bean cutworm in a laboratory setting (Klun et al. 1983), and up until now it
has been a pest in a very localized region.
Molecular Diagnostic techniques
DNA contains a great deal of useful information, and a number of techniques
have been developed to extract that information. There are a number of different
ways of cleaving DNA and analyzing the resulting fragments. Restriction enzymes
cleave DNA at specific recognition sites, which tend to be 4-6 base pairs in length. To
date, several hundred restriction enzymes with different recognition sites have been
characterized (Avise 2004). DNA fragments can vary in, size, recognition sites, and
PCR priming sites. Molecular diagnostic techniques using DNA fragments usually
include amplification using polymerase chain reaction (PCR) and visualization via
gel electrophoresis.
PCR is an extremely useful technique that allows very small amounts of DNA
to be amplified for use in other molecular genetic procedures. To amplify a segment
of DNA two primers must be prepared, one corresponding to the 5’ end of the
forward strand, the other corresponding to the 5’ end of the reverse strand. A PCR
master mix is prepared containing the primers, the four deoxynucleoside
triphosphate building blocks (dNTPs), and DNA polymerase. The master mix is then
aliquoted into tubes containing the DNA template to be amplified. The mixture is
then put into the PCR thermocycler, which goes through several cycles of heating
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and cooling. Heating the mixture separates the DNA into two strands. When the
mixture is cooled the polymerase builds two new strands of DNA using the
denatured strands and the primers as a template; the process initiates with the
primers and the dNTPs are then filled in. This process is repeated numerous times,
resulting in the creation of huge amounts of DNA (Nelson and Cox 2005). PCR is an
important component of many different types of molecular genetic techniques. It is
commonly used to amplify genes in preparation for DNA sequencing (Philpott et al.
2009), microsatellite analysis (Batley, et al. 2004), and fragment analysis techniques
such as RFLP (Silva, et al. 2003) and AFLP (Clark et al. 2007).
Microsatellites are short, repeating segments of DNA, generally between two
and ten base pairs in length, found near coding loci (Loxdale and Lushai 1998). The
length of these repeating sections is highly variable, much more so than the coding
loci they are near (Hillis 1996). This makes them convenient for study, as the
conserved coding segments can be used as primers to amplify the microsatellites via
PCR (Loxdale and Lushai 1998). After the microsatellite segments are amplified they
are analyzed using gel electrophoresis. Like RFLPs, different fragment lengths are
considered different alleles (Loxdale and Lushai 1998). Microsatellites have been
useful in a number of studies. Llewellyn et al. (2003) used microsatellites to
determine that the aphid Sitobion avenae is highly migratory based on the lack of
intraspecific differentiation over distances.
Randomly amplified polymorphic DNAs, or RAPDs, create DNA fragments of
differing length based on differences in PCR priming sites. Sequence differences in
the recognition sites used by PCR primers will result in randomly amplified
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polymorphic fragments produced during PCR (Hillis 1996). RAPDs are
advantageous because as the primers are random oligonucleotides, they can be used
on organisms about which little is known. Pornkulwat et al. 1998 used RAPDs to
distinguish between European corn borer ecotypes. They have been used in a
variety of studies, such as the analysis of genetic variability in populations of
economically important ants across different types of plantations in Brazil (Souza et
al. 2009). The major drawbacks to RAPDs are that it is difficult to get repeatable
results, and they do not differentiate between heterozygous individuals and
homozygous dominant individuals because of the dominant nature of the markers
(Loxdale and Lushai 1998).
DNA sequencing is a powerful tool because it provides direct genetic
information. There are two basic steps involved in sequencing a gene. The first step
is to isolate and amplify the desired portion of DNA using PCR. Until very recently,
the sequencing itself was typically accomplished using an automated sequencer
based on the Sanger sequencing method (Hillis 1996). Pyrosequencing, a newer
method, provides higher throughput than chain-termination methods (Metzker
2005). Sequencing technology can be expensive, but it is possible to send samples to
universities or private companies that provide sequencing services. DNA sequencing
can provide a great deal of information on intra- and interspecific diversity. DNA
sequencing has been used in the population genetic analysis of New World
screwworms, Cochliomyia hominivorax Coquerel (McDonagh et al. 2009). This
technique can also be used to elucidate mutations in differing strains of an insect
species (Ito et al. 2009).
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Restriction enzymes cleave DNA at specific recognition sites, resulting in
restriction fragment length polymorphisms, or RFLPs. Mutations result in the
deletion or insertion of these recognition sites, resulting in fragments of differing
lengths (Hillis 1996). A large number of restriction enzymes have been catalogued,
making RFLP analysis of many different types of organisms feasible (Hillis 1996).
RFLP has been used in assessing genetic variability in populations of primary
screwworm, Cochliomyia hominivorax (Coquerel) (Lyra et. al. 2009) and to track
outbreaks of Mediterranean fruit flies in Florida (Silva et al. 2003). Prada et al.
(2009) used RFLPs to determine the haplotypes composition of Columbian
honeybee populations. RFLP analysis of mtDNA was used to distinguish between
strains of Spodoptera frugiperda (Levy et al. 2002). Phylogenetic analysis of Sesamia
nonagroides (Lefebvre) was conducted using RFLP analysis of mtDNA (Kourti 2006).
Amplified fragment length polymorphism (AFLP) tests for the presence or
absence of restriction fragments rather than for fragment length, as do other
techniques such as restriction fragment length polymorphism (Loxdale and Lushai
1998). In this technique, genomic DNA is cleaved using a common-site and a raresite restriction enzyme (Vos et al. 1995). Adaptor sequences are ligated onto the
resulting DNA fragments, which are then amplified via PCR (Vos et al. 1995). The
resulting fragments are visualized through gel electrophoresis. Bands may be
visualized using a technique such as silver staining, or with florescent dye based
technology. AFLPs combine the utility of RFLPs and the power of PCR, and are far
more reliable than RAPDs. A major advantage of AFLP is that it can be used on DNA
of any origin or complexity (Vos et al. 1995). In addition, since AFLPs utilize the
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entire genome, there is greater potential for uncovering diagnostic differences than
with other techniques due to the sheer volume of loci available (McMichael and
Pashley-Prowell 1999). Another advantage is that no prior sequence knowledge is
required for AFLP, as generic primers are used. AFLPs have the same disadvantage
as RAPDs in that there is no differentiation between heterozygous and homozygous
dominant individuals. A second drawback is the cost of the equipment used in AFLP
analysis; machines for detecting infrared dyes are very expensive. It is possible to
reduce the cost by visualizing gels using silver staining, although silver staining is a
time consuming process. Since the discovery of the AFLP technique, equipment has
been developed that has greatly increased the ease and efficiency of the AFLP
process. LI-COR Inc., (Lincoln, NE) has developed an automated sequencing machine
and associated software that shortens the image acquisition process from days to
hours (LI-COR Inc. 2003).
AFLP analysis has been used successfully in many different types of
molecular genetics studies. It was used to determine the taxonomic status of two
genetically distinct forms of fall armyworm, Spodoptera frugiperda (Prowell et al.
2004). AFLP analysis was used to assess gene flow among fall armyworm
populations in North and South America (Clark et al. 2007, Martinelli et al. 2007).
European corn borer populations in the Midwest were analyzed by Saldanha (2000)
and Krumm et al. (2008), and Mosquitoes from Phnom Penh have been analyzed
using AFLP (Paupy 2004). Sugar beet root aphid populations were analyzed using
AFLP (Serikawa 2007). AFLP analysis was used to differentiate the New World
Screwworm Cochliomyia hominivorax (Coquerel) from non-pest species (Skoda et al.
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2002, Alamalakala et al. 2009). In China genetic diversity between wild and
laboratory populations of a noctuid moth was elucidated by AFLP (Jiang et al. 2007).
In Sweden pollen beetle populations were tested for insecticide resistance using
AFLP analysis (Kazachkova 2007). A recent study attempted to use AFLP analysis to
differentiate between rootworm beetles that demonstrate crop rotation tolerance
and those that do not (Miller et al. 2007). AFLP loci related to acoustic attractiveness
to females were found in male caeliferan grasshoppers (Klappert et al. 2007).
Population Genetics
At the most basic level, evolution is simply the change in allele frequencies in
a population over time. Population genetics is the study of how allele frequencies
change in populations. It is a major component of modern evolutionary theory, and
the field as we know it today was pioneered by R.A. Fisher, J.B.S. Haldane, and Sewall
Wright (Hedrick 2000). While Sewall Wright began his work in population genetics
on guinea pigs and livestock, many of his theories became very important for the
analysis of natural populations as well (Crow 1988). In particular, his work on the
inbreeding coefficient F, which later evolved into what we know as F-statistics or
fixation indices (Wright 1965).
Wright’s F-statistics – Fis, Fit, and Fst - are used to describe genetic variation in
subdivided populations in comparison to the total population. F is the correlation
coefficient. T is the total population, S is the subpopulation, and I is the individual. Fis
and Fit measure deviation from Hardy-Weinburg expectations (Holsinger and Weir
2009). Fst measures genetic variation in subpopulations relative to the total
population (Wright 1965). According to Holsinger and Weir (2009) Fst may also be
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thought of as a proportion – the proportion of genetic variation that is accounted for
by allele frequency differences among subpopulations. Fst is a number between 0
and 1. If Fst is small, it indicates little difference in allele frequencies between
populations. Conversely, if it is large, it indicates that there are differences in allele
frequencies between the subpopulations (Holsinger and Weir 2009).
The advent of molecular genetic techniques also brought about changes in
the measurement of genetic diversity within populations. In 1973 Masatoshi Nei
introduced the statistic Gst, which is analogous to Wright’s Fst. However, Gst is
typically more suitable for genetic sampling methods (Holsinger and Weir 2009).
The gene flow between subpopulations (Nm) may then be calculated from Fst or Gst
accordingly (Slatkin 1985, McDermott and McDonald 1993). Nei also introduced the
concept of gene diversity, h. Gene diversity is defined as

, where

is the frequency of the ith allele in a population at a locus and m is the number of
alleles (Nei 1987). This statistic measures the heterozygosity of a population.
The analysis of molecular variance (AMOVA) is a statistical tool developed by
Excoffier et al. in 1992 that is based on the nested ANOVA. This analysis uses
molecular data to calculate F-statistics (referred to as Φ-statistics) and then treats
those F-statistics as hypotheses regarding the genetic differentiation at different
levels of population subdivision. The AMOVA tests the significance of the F-statistics
using a permutational approach similar to bootstrapping (Excoffier et al. 1992).
A wide variety of statistical software is available to process population
genetic data. Most of the available software is written by amateur programmers,
which can be a drawback in terms of ease of use. However, the major advantage of
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this is that much of the software is free. Excoffier et al. (1992) designed the software
program Arlequin to perform the AMOVA as well as a variety of other analyses.
Software such as Popgene v. 1.32 performs many of the statistical analyses
developed by Nei, including tree-building based on distance methods. The software
used will depend in large part upon the type of molecular data generated and the
statistical analyses appropriate for the data set.
Objectives
To date there has been only one study completed on the genetics of S. albicosta.
With the recent expansion of S. albicosta populations farther east and the advent of
companies producing genetically modified corn with traits effective against this
pest, it is imperative to better understand the genetics and gene flow of western
bean cutworm populations. Knowledge of the amount of variation and gene flow
among populations is important in managing resistance to control methods. Better
understanding of the population dynamics of this pest insect could potentially allow
us to prevent and control insect resistance as it appears. This study will further our
understanding of this species for better pest management practices. Furthermore,
this is a unique opportunity to examine the genetics of a native insect pest as it
expands into new territory. This project was instigated with the following
objectives:
1. Assessment of the genetic variability of S. albicosta subpopulations
throughout its current geographic range.
2. Examine the recent habitat expansion of the western bean cutworm from a
population genetics perspective.
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CHAPTER TWO: MATERIALS AND METHODS
Western bean cutworm samples were collected from 28 different locations
(Table 1, Fig. 1-3) throughout its range, including the areas in which it is newly
established. The insects were primarily collected in the larval stage, although egg
masses and adults were also used in this study. I attempted to collect thirty insects
per location, as that number of specimens is recommended for analysis (Bonin et al.
2007). However, the actual number of insects collected per location varied between
3 (in locations into which the western bean cutworm has recently emigrated) to
more than 30 in certain locations in the western US. When larvae were collected,
insects were taken from different plants to avoid collecting siblings. Adults were
collected in light traps. Each egg mass was considered one individual sample. Larvae
were either kept alive on ice until they arrived at the laboratory for processing, or
they were stored in 95-100% ethyl alcohol. Upon reaching the laboratory samples
were stored at -80 C.
To clarify, the term location will refer to the set of all western bean cutworm
collected from a single place. For example, 30 western bean cutworm were collected
from Rosemount, MN which is referred to as collection location 1, or location 1. The
term group will refer to one or more locations I have placed together for statistical
analysis. The term population will refer to the set of all western bean cutworm in
North America. As one of the goals of this study is to determine the degree to which
the western bean cutworm is interbreeding over distance and thus the degree of
subdivision, it is not feasible to use more specific terms such as “subpopulation” or
“deme”.
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Table 1. Collection information. The location, date collected, collector, and number
of samples were recorded. Host plant information was collected for larvae and eggs,
adults were captured in light or pheromone traps. Location data was recorded as
GPS, soil map coordinates, or by town and/or county.
Numerical
Code
1
4
5
6

Location

Collected By

Host Plant

# individuals

Adults
Maize
Maize
Maize

30
26
16
33
21
12
22
28
20
10

9/3/08
8/22/08
10/8/08
2006
8/23/07
8/27/07
8/22/07
9/24/07

L. Appel
L. Appel

Maize
Maize
Maize
adults
Maize
Maize
(Herculex)
Maize
Maize

8/22/07

L. Appel

Maize

8

8/22/07
8/22/07

L. Appel
L. Appel

Maize
Maize

10
6

8/26/07

L. Appel

Maize

7

9/2/08
9/5/08
8/3/06
8/21/08
9/2/09

M. Coomer
L. Appel
Unknown
A. Michaels
C. Rusentrater

Maize
Maize
Maize
Adults
Maize

30
22
31
32
38

8/31/09

D. Boxler

Maize

16

8/31/09

D. Boxler

Maize

28

34

Broadwater, NE
Brandon, NE
Door Co., WI
Boone Co., IA
Holyoke East, CO
SW ¼ 11-T11NR37W Perkins Co. NE
Imperial, NE
SE ¼ 8-T9N-R41W
Perkins Co. NE
SE ¼ 35 T18N-R35W
McPherson Co. NE
Chase Co., NE
NE ¼ 17-T10NR39W Perkins Co. NE
NE ¼ 21 T10N-R38W
Perkins Co. NE
La Porte Co., IN
Lake Minatare, NE
Clay Center, NE
Ohio, various
NE ¼ 19 T10N-R41W
Perkins Co. NE
N 40 48.206’
W 101 45.460’
Perkins Co. NE
N 41 26.209’
W 100 42.430’
Logan Co. NE
Holyoke West, CO

B. Hutchison
E. Lindroth
E. Lindroth
R. Bowling, E.
Lindroth
L. Appel
L. Appel
D. Volenberg
M. Rice
L. Appel
L. Appel

8/23/07

L. Appel

27

35

Hamilton Co., IA

2006

M. Rice

37

Holyoke W., CO

8/23/07

L. Appel

38
39

Columbia Co., WI
Grainton, NE

8/19/08
8/23/07

E. Cullen
L. Appel

Maize (33T57
Herculex)
Adults (light
trap)
Maize (33B54
Yieldguard)
Maize
Maize

7
8
12
14
15
16
17
18
19
20
21
22
24
25
26
27
28
29
30

Rosemount, MN
Banner Co., NE
Concord, NE
Dumas, TX

Date
Collected
7/24/06
8/16/07
7/16/07
7/30/08

22
34

25
24
23
13
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Sterile Technique. To prevent contamination and ensure the purity of
samples, all surfaces and instruments were sterilized before use. Pipette tips,
Eppendorf tubes, nanopure water, and buffers were autoclaved. A fume hood was
used for DNA extraction, and this hood was cleaned with a 10% bleach solution
before use. A laminar flow hood was used for the AFLP procedure, and this hood
was cleaned with a 95% ethanol solution before use. The laminar flow hood, along
with the PCR tubes, autoclaved nanopure water, Eppendorf tubes, and pipette tips
were also subjected to 10-15 minutes of ultraviolet light before each step in the
AFLP process.
DNA Extraction. Before the DNA extraction process was initiated, specimens
were first washed in 70% ethanol and then in nanopure water. The head and gut
were removed from larval specimens to avoid contamination with any food sources.
In adult specimens, DNA was extracted from the head and thorax. When DNA was
extracted from eggs, an entire egg mass was considered one sample.
DNA was isolated from western bean cutworm larvae using a cetyl
trimethylammonium bromide (CTAB) protocol modified from Doyle and Doyle
(1987). Samples were first lysed in 500 µl CTAB buffer (Sigma-Aldrich, St. Louis,
MO). Next, 15 µl RNase (Sigma-Aldrich, St. Louis, MO) was added and samples were
incubated at 37°C for two hours. Samples were then incubated at 65°C with 15 µl
proteinase K (Sigma-Aldrich, St. Louis, MO) for one and a half hours. Next, samples
were centrifuged for five minutes at 14,000 rpm. 500 µl of a 24:1
chloroform:isoamyl alcohol mixture (Sigma-Aldrich, St. Louis, MO) was added and
samples were centrifuged for 20 minutes at 13,000 rpm. After performing the
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chloroform:isoamyl alcohol step twice, 400 µl of cold 100% isopropyl alcohol was
added and samples were stored over night at 4°C. Samples were then centrifuged at
4°C for 30 minutes. The isopropyl alcohol was removed and 400 µl of 100% ethyl
alcohol was added. The samples were then centrifuged for five minutes at 4°C. The
100% ethanol was then removed and 70% ethanol was added and samples were
centrifuged a final time for five minutes at 4°C. The 70% ethanol was removed with
a pipette and samples were allowed to air dry in a fume hood for 30 minutes.
Extracted DNA was suspended in 50 l 1x TE buffer (10 mM Tris-HCL; 0.1
mM EDTA) and stored at -20°C. DNA concentration and purity was determined
using the Nanodrop 2000 (Thermo Scientific, Wilmington, DE). Extracted DNA was
then diluted with nanopure water to a concentration of 20 – 100 ng/µl.
Amplified Fragment Length Polymorphism (AFLP). Genetic variation was
analyzed using a modified AFLP procedure based on Vos et al. (1995). The AFLP
process consists of four basic steps. First, the DNA template is digested with
restriction enzymes. Adapters are then ligated onto the ends of the resulting DNA
fragments. Next, the product of the ligation step is amplified via PCR (polymerase
chain reaction) using non-specific primers. Finally, the DNA is amplified via PCR a
second time, using selective primers.
Restriction Digestion and Adapter Ligation. Approximately 7 l of diluted DNA
template was mixed with 0.0625 l EcoRI, 0.125 l MseI (New England Biolabs,
www.neb.com), 1.25 l 1x NEBuffer 4 (50 mM potassium acetate, 20 mM Trisacetate, 10 mM magnesium acetate, 1 mM dithiothreitol; New England Biolabs.;
original buffer concentrations were at 10x; final buffer concentrations at 1x in
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solution.), 0.125 l bovine serum albumin (New England Biolabs), and nanopure
water for total volume of 12.5 l and incubated at 37 C for 2.5 hours in a PCR
thermal cycler (Applied Biosystems, Carlsbad, CA). The resulting fragments were
then incubated at 25 C for 8 hours with a ligation mixture of 0.15 l T4 DNA ligase
(New England Biolabs), 1x T4 DNA ligase buffer (New England Biolabs), 0.5 l EcoRI
prepared adapter, 0.5 l MseI prepared adapter, and 3.35 l nanopure water. Prior
to ligation, adapters were prepared by incubating 1.0 µg/µl EcoRI and 0.5 µg/µl
MseI oligonucleotides (Table 2) (Integrated DNA Technologies, www.idtdna.com)
with 1x NEBuffer 4 in a thermal cycler for one cycle of 65°C for 10 min, 37°C for 10
min, and 25°C for 10 min. A 1:10 dilution was then performed on the ligation
product using 1x TE buffer.
Preamplification. 1.5 l of the ligation mixture was incubated with 10 l
Preamplification Primer Mix II (containing preamplification primers; LI-COR
Biosciences, Lincoln, NE), 0.25 l Bullseye Taq DNA polymerase (MidSci, St. Louis,
MO), 1.25 l 1x PCR buffer (100 mM Tris-HCl, 500 mM KCl) , and 0.75 l MgCl2. The
PCR program consisted of 20 cycles (30 s at 94 C, 1 min at 56 C, 1 min at 72 C). A
1:20 dilution with nanopure water was performed on the product.
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Table 2. AFLP adapters and primers used. Adapter and primer sequences taken from
Vos et al. (1995).
Oligonucleotide
Purpose
Sequence (5’-3’)
EcoRI-forward adapter
Adapter ligation
CTCGTAGACTGCGTACC
EcoRI-reverse adapter
Adapter ligation
AATTGGTACGCAGTCTAC
MseI-forward adapter
Adapter ligation
GACGATGAGTCCTGAG
MseI-reverse adapter
Adapter ligation
TACTCAGGACTCAT
EcoRI primer
Pre-Amplification
GACTGCGTACCAATTC
MseI primer
Pre-Amplification
GATGAGTCCTGAGTAA
E-ACG
Selective Amplification
GACTGCGTACCAATTC + ACG
M-CAG
Selective Amplification
GATGAGTCCTGAGTAA + CAG
M-CTG
Selective Amplification
GATGAGTCCTGAGTAA + CTG

Selective Amplification. Reaction volumes containing 4.1 l nanopure water,
1.2 l 1x PCR buffer, 0.72 l MgCl2, 0.08 l Bullseye Taq DNA polymerase (MidSci, St.
Louis, MO), 2.0 l MseI primer (Integrated DNA Technologies), 0.4 l EcoRI IRD-700
labeled primer (Integrated DNA Technologies), 0.4 µl of dNTPs (Applied
Biosystems), and 2.0 l of the preamplification template were amplified via PCR.
The PCR program consisted of one cycle (30 s at 94 C, 30 s at 65 C, 1 min at 72 C),
12 cycles (30 s at 94 C, 1 min at 72 C), and 23 cycles (30 s at 94 C, 30 s at 56 C, 1
min at 72 C). A list of primers used and their sequences is shown in Table 2. Finally,
2.5 l stop solution (LI-COR Biosciences) was added to the PCR product. The
product was then denatured for 2 minutes at 94 C and stored at -20 C.
Data Scoring and Analysis. One microliter samples were electrophoresed
through a KBPlus 6.5% polyacrylamide gel (LI-COR Biosciences) and the bands were
detected via infrared florescence using a laser scanning machine (LI-COR Model
4200S-2, LI-COR Biosciences, Lincoln, NE). An IRD-700 labeled 50-700 bp size
standard was used to estimate fragment size. Gels were scored using the program
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SAGA MX 3.2 (LI-COR Biosciences) (Appendix II). The data were converted to matrix
form for further analysis, with a 1 indicating band presence and a 0 indicating
absence.
The data were first assessed to determine whether the number of loci used
was sufficient to explain the genetic variation among western bean cutworm
subpopulations using DBOOT v. 1.1 (Coelho 2001). For all genetic analyses, locations
were divided into groups. The first group consisted of locations sampled inside the
traditional range of the western bean cutworm, while the second group contains
locations sampled in territory into which the western bean cutworm has recently
expanded. The third group is Texas, which represents the possible evolutionary
origin of the western bean cutworm in the Southwestern US.
The population genetics software Popgene v. 1.32 (Yeh et al. 1997) was used
to assess genetic diversity at the group level, the intra-location level, and the whole
population level. Hardy-Weinberg equilibrium was assumed. At the individual
location level, the percentage of polymorphic loci, Shannon’s Information Index, and
Nei’s Gene Diversity were calculated. At the group and whole location levels Nei’s
Gst and gene flow (Nm) were calculated. Popgene was also used to construct a
matrix of genetic distances between locations using Nei’s unbiased measures of
genetic identity and genetic distance (Nei 1978).
The software package Arlequin v. 3.1 (Excoffier et al. 2005) was used to
conduct the analysis of molecular variance (AMOVA) as well as the calculation of
Wright’s F-statistics. The AMOVA tests for genetic structure at the among groups,
within groups, and within location levels. 1000 permutations of the data were run to
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test the significance of the variance components. Arlequin v. 3.1 was also used to
perform the Mantel test, which was used to determine any correlation between
genetic and geographic distance. The geographic distance matrix was constructed
by measuring distances between locations in Google Earth v. 5.2.1. The genetic
distance matrix was constructed in Popgene v. 1.32 and imported into Arlequin.
The program PAUP v. 4.01b (Swofford 2001) was used to construct a UPGMA
distance tree to depict genetic relationships among locations. The BOODP program
(Coelho 2001) was used to conduct bootstrap analysis of 1,000 pseudoreplicates to
assess the dependability of the UPGMA cluster analysis.
Replication Experiment. It is important to assess whether band
polymorphism exists due to differences in PCR or actual genetic variation among
individuals. To calculate the error rate in the AFLP data, 30 random western bean
cutworm individuals were selected from among the 600 individuals used in this
study. The AFLP process was replicated with these 30 individuals three times for
each primer set used. The three replications were designated A, B, and C.
Replications A and B were run on the MJ Research PTC-200 Peltier thermal cycler.
Replication C was run on the Applied Biosystems GeneAmp 9700 PCR system. The
final PCR products were then electrophoresed and gels were scored as usual. Each
individual locus was then examined for mismatches among the three replicates
following Pompanon et al. (2005). The error rate was calculated by dividing the
number of mismatches at a particular locus by the number of individuals replicated
(Pompanon et al. 2005, Bonin et al. 2007). For example, if there was one mismatch
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at locus 1, the error rate for locus 1 would be 0.03. Loci with an error rate greater
than 0.1 were rejected.
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Figure 1. Map of collection locations across the United States. Collection locations
for the state of Nebraska are show in detail in Figures 2-3.
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Figure 2. Map of collection locations within Nebraska. Collection locations within
Perkins County are shown in more detail in Figure 3.
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Figure 3. Map of collection locations within Perkins Co. NE. Satellite imagery
courtesy of Google Earth.

26
CHAPTER THREE: RESULTS
A total of 600 individuals from 28 locations of western bean cutworm across
the United States were analyzed (Table 1). The two primer combinations resulted in
a total of 90 loci, ranging in size from 28-257 bp (Table 3). The coefficient of
variation was calculated (Coelho 2001) to determine the amount of genetic
variability encompassed by the number of individuals and loci in this study. A
sufficiently large set of both individuals per location and genetic marker data is
required for accurate statistical analysis (Bonin et al. 2007). When the coefficient of
variation was calculated, it was determined that our data set accounts for more than
90% of genetic variability (Fig. 4), and therefore 90 loci is a sufficient number of
markers for a robust statistical analysis.
Heterogeneity tests for individual locations revealed a significant range of
genetic diversity within locations. The number of polymorphic loci ranged from
13% (Clay Center, NE) to 98% (Dumas, TX) within individual locations, with a mean
of 64% (Table 4). A locus is considered polymorphic when the frequency of the most
common allele is less than or equal to 0.99 (Nei 1987). Nei’s gene diversity (Nei
1987) fell between 0.0422 and 0.3570 (Table 4). Gene diversity is defined as h = 1 –
where h is also heterozygosity (Nei 1973).
Analysis of multiple locations in Popgene (Nei 1973, McDermott and
McDonald 1993) revealed a low level of differentiation (Gst = 0.0385) and a very
high level of gene flow (Nm = 12.4929) between locations (Table 5). Gene flow
within groups was lower, although it was slightly higher between locations in newly
established territory (Nm = 0.6911) than among locations within the traditional

27
range (Nm = 0.4671). Gst is the amount of gene differentiation between
subpopulations (locations) and is defined as Gst = Dst/Ht where Dst is the average
gene identity within subpopulations and Ht is the gene diversity in the total
population (Nei 1987). Nm is calculated from Gst using the equation Nm = 0.5(1Gst)/Gst (McDermott and McDonald 1993) and is used to estimate the number of
immigrants, and hence the gene flow, between subpopulations. It is generally
assumed that a value of Nm =1 is a high enough amount of gene flow to counteract
the effects of genetic drift (Hedrick 2000), however it has been suggested that
higher levels of gene flow are needed for locations to be truly interbreeding (Mills
and Allendorf 1996).
AMOVA analysis revealed significant genetic variation within locations
(Tables 6 and 9). The AMOVA was specifically designed to measure differentiation in
subdivided populations using molecular data and the nested ANOVA as a model
(Excoffier et al. 1992). The highest percentage of variation (54.37%) was found
within locations, while 43.38% of variation was among locations within groups.
Only 2.25% of variation was accounted for by differences among the three groups.
The groups of locations for the AMOVA analysis may be found in Table 5. No
haplotypes were shared between locations. The fixation indices, as calculated by
Arlequin (Excoffier et al. 1992), also support a moderately low degree (Fst =
0.45629) of differentiation among locations (Table 7). F-statistics were tested for
significance by conducting 1000 permutations of locations, groups, and individuals
(Excoffier et al. 1992). The fixation indices Fst and Fsc were statistically significant,
while Fct was not (Table 8).

28
The results of the Mantel test (Mantel 1967) confirmed that there is likely no
relationship between geographic and genetic distance in the western bean cutworm
locations sampled. There was only a very small correlation between the geographic
distance matrix and the genetic distance matrix (n = 600, r = 0.036553, p =
0.226000) which was not statistically significant. When the genetic distance is
plotted against geographic distance, no pattern in the data is revealed that would
indicate a relationship between the two variables (Fig. 5). Testing for significance
was accomplished by permuting the rows and columns of the matrices 1000 times.
An Unweighted Pair Group Method with Arithmetic Mean (UPGMA)
dendrogram (Sneath and Sokal 1973) was constructed in PAUP v.4.01b to visualize
relationships among locations (Fig. 6). The bootstrap values shown above the clades
were calculated in BOODP using 1000 pseudoreplicates. The matrix of pairwise
differences used to both construct the UPGMA dendrogram and calculate the
bootstrap values was calculated in Popgene using Nei’s unbiased measures of
genetic identity and genetic distance (Nei 1978). Although the same matrix was
used in both programs, BOODP calculated bootstrap values that did not appear to
match any nodes on the UPGMA dendrogram. As a result, only bootstrap values that
could definitely be matched to nodes on the dendrogram are shown. Cluster analysis
revealed almost no relationship between genetic similarity and geographic location.
Locations that are geographically very distant from one another, such as Dumas, TX
(location 6) and Door Co. WI (location 12) are shown to be genetically similar. Other
genetically similar locations are also close geographically, such as Banner Co. NE
(location 4) and Broadwater, NE (location 7).
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Table 3. Primer combinations for selective amplification. Number of markers scored
per primer pair and fragment sizes of markers scored.
Primer Pair
M-CAG + E-ACG
M-CTG + E-ACG

Number of Loci
49
41

Fragment Sizes
42-305 bp
28-257 bp
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Table 4. Heterogeneity tests for individual locations. All analyses performed in
Popgene. A locus is defined as polymorphic when the frequency of the most
common allele is < 99%.
Location
Rosemount, MN (p1)
Banner Co. NE (p4)
Concord, NE (p5)
Dumas, TX (p6)
Broadwater, NE (p7)
Brandon, NE (p8)
Door Co. WI (p12)
Boone Co. IA (p14)
Holyoke East, CO (p15)
SW ¼ 11-T11N-R37W
Perkins Co. NE (p16)
Imperial, NE (p17)
SE ¼ 8-T9N-R41W
Perkins Co. NE (p18)
SE ¼ 35 T18N-R35W
McPherson Co. NE (p19)
Chase Co. NE (p20)
NE ¼ 17-T10N-R39
Perkins Co. NE (p21)
NE ¼ 21 T10N-R38W
Perkins Co. NE (p22)
La Port Co. IN (p24)
Lake Minatare, NE (p25)
Clay Center, NE (p26)
Ohio (p27)
NE ¼ 19 T10N-R41W
Perkins Co. NE (p28)
N 40 48.206’
W 101 45.460’
Perkins Co. NE (p29)
N 41 26.209’
W 100 42.430’ (p30)
Logan Co. NE
Holyoke West CO. (p34)
Hamilton Co. IA (p35)
Holyoke W., CO (p37)
Columbia Co. WI (p38)
Grainton, NE (p39)

Percent Polymorphic
Loci
87%
71%
83%
98%
65%
75%
94%
93%
77%

Nei’s Gene
Diversity (h)
0.3570
0.2116
0.3200
0.3335
0.2194
0.2855
0.3380
0.3339
0.2995

44%

0.1741

68%

0.2749

46%

0.1606

61%

0.2271

72%

0.3169

50%

0.1711

51%

0.2047

74%
65%
13%
84%

0.3060
0.2613
0.0427
0.2507

53%

0.1811

35%

0.1491

86%

0.3131

55%
40%
26%
43%
71%

0.1908
0.1495
0.1036
0.1901
0.2658
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Table 5. Nei’s Gst and gene flow. Analyses for groups of locations performed in
Popgene. Locations were grouped according to traditional and expanded habitat.
Southwestern US
Western Midwest US
Eastern Midwest US
All Locations

States Included
Texas
Nebraska, Colorado
IA, WI, MN, IN, OH
TX, NE, CO, IA, WI,
MN, IN, OH

Gst
n/a
0.5170
0.4198

Nm
n/a
0.4671
0.6911

0.0385

12.4929
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Table 6 . Analysis of molecular variance (AMOVA). Analyses performed in Arlequin
v. 3.1 for three levels of population subdivision. Locations were grouped for this
analysis as described in Table 5, with Texas separate from other western locations.
Source of
Variation
Among groups
Among
locations within
groups
Within locations
Total

Degrees of
Freedom
2

600.691

Variance
Components
0.40742 Va

Percentage of
Variation
2.25

25

4302.607

7.85259 Vb

43.38

572
599

5630.018
10533.317

9.84269 Vc
18.10270

54.37

Sum of Squares
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Table 7. Fixation indices. F-statistics calculated by Arlequin v. 3.1. Fst is analogous to
Gst and measures subpopulation (location) differentiation relative to the total
population.
Fixation Indices
Fsc
Fst
Fct

Values
0.44377
0.45629
0.02251
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Table 8. Significance testing of F-statistics. Bootstrapping was performed to test the
significance of the F-statistics in Table 7. 1023 replications were performed.
Vc and Fst
Vb and Fsc
Va and Fct

P(rand. value < obs. value)
P(rand. value = obs. value)
P-value
P(rand. value < obs. value)
P(rand. value = obs. value)
P-value
P(rand. value < obs. value)
P(rand. value = obs. value)
P-value

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.14761
0.00000
0.14761±0.01077
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Table 9. AMOVA results with Texas included in the group of western locations.
Source of
Variation
Among groups
Among
locations within
groups
Within locations
Total

Degrees of
Freedom
1

181.711

Variance
Components
-0.16065 Va

Percentage of
Variation
-0.90

26

4721.588

8.13720 Vb

45.67

572
599

5630.018
10533.317

9.84269 Vc
17.81924

55.24

Sum of Squares
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Figure 4. Coefficient of Variation. >90% of the genetic variation in western bean
cutworm locations is accounted for by the number of genetic markers used in this
study.
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Figure 5. Mantel Test (n = 600, r = 0.036553, p = 0.226000). The graph resembles a
“shotgun blast” which indicates that there is no correlation between genetic and
geographic distance.
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Figure 6 . UPGMA Dendrogram constructed in PAUP v. 4.01b. Clustering reveals no
pattern in relatedness among locations and no relationship between genetic and
geographic distance. Bootstrapping was performed with 1000 pseudoreplicates in
BOODP. Only bootstrap values >50 are shown. The tree was rooted with fall
armyworm (FA) and Podissus maculiventris (PA).
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CHAPTER FOUR: DISCUSSION
Western bean cutworm locations do not exhibit a great deal of structure.
Genetic structure in subdivided populations is characterized by values such as F st
and Gst, which range from 0 to 1. A value of 0 would indicate no subdivision of the
whole population, while a value of 1 would indicate nearly complete genetic
isolation of subpopulations (locations) (Nei 1987). A Gst value greater than 0.5 is
generally thought to indicate some genetic isolation among subpopulations. Nei’s G st
revealed more genetic isolation among western locations (Gst = 0.5170) than among
eastern locations (Gst = 0.4198). Likewise, there was more gene flow among eastern
locations than among western locations. AMOVA results show that the majority of
variation is within locations. However there was nearly as much variation among
locations within groups, which indicates that there may be some genetic structuring
of locations. Only a very small percentage of variation was found between groups of
locations, and most of that variation was due to differences between Texas and the
other two groups.
Initially, my intent was to simply divide western bean cutworm locations into
two groups, using the Missouri River to delineate between east and west. I chose to
divide the territory in this manner, as the Missouri River is approximately the
eastern edge of the traditional range of the western bean cutworm. However, my
results were much more parsimonious when Texas was removed from the western
group and analyzed separately (Tables 6 and 9). Western bean cutworm from Texas
also exhibited the highest degree of genetic diversity within a single location. It is
possible that these results reflect the evolutionary history of this insect in the United
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States. The western bean cutworm evolved in the Southwest and was first noticed in
Nebraska as a pest of dry beans in the 1940s (Douglass et al. 1957). Given this
insect’s preference for the seemingly disparate hosts of maize and dry beans, it may
have evolved in the Three Sisters agricultural system favored by Native Americans
in the Southwestern US (Blickenstaff and Jolley 1982). Native Americans grew
maize, beans, and squash, as these crops complement one another when grown
together. Blickenstaff and Jolly (1982) conducted a study examining host plant
preference of the western bean cutworm, and found that all other host plants were
inferior to maize and dry beans. When combined with the fact that the western bean
cutworm does not tend toward polyphagy, unlike other Lepidoptera that feed on
disparate types of crops, this lends support to the hypothesis that this insect evolved
on the Three Sisters. If the western bean cutworm did evolve in the Southwest, then
Texas could represent part of the range of the true parent population of this insect,
which might explain the large amount of genetic diversity seen in this location.
Although the western bean cutworm was first noticed as a pest of dry beans in
Colorado and Nebraska in the 1940s, it was likely present in these states prior to the
early 20th century. The slight amount of genetic isolation seen between locations in
these states could indicate that these populations are undergoing some
differentiation. Eastern locations will not have been established long enough to
exhibit much isolation. The fact that Texas exhibits some genetic distinction from
Nebraska and Colorado indicates that there may already be some differentiation
from the parent population. In order to further investigate this hypothesis, future
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studies should sample more widely in the Southwestern US and Mexico to assess
genetic variation in these areas.
The Mantel test and cluster analysis indicated that geographic and genetic
distances were uncorrelated, also suggesting a lack of genetic isolation among
locations. This could suggest that western bean cutworm locations in the western
US are interbreeding with locations in the eastern US. The large amount of gene flow
(Nm = 12.4929) between western and eastern locations would also seem to support
this hypothesis. Gene flow is characterized by the value Nm, which is calculated
from Gst (Hedrick 2000). A large amount of gene flow is generally characterized by
an Nm value of 1.0 or higher, and an Nm value of 1 implies that there is at least one
emigrant moving from one location to another (Hedrick 2000). However, the
amount of gene flow among locations within groups is lower (Table 5), suggesting
the high amount of gene flow between groups may be due to the recent population
expansion rather than indicative of normal levels of gene flow.
Given that the western bean cutworm has undergone rapid range expansion
within the past decade, it is likely that the high amount of gene flow between the
western and eastern US represents colonization events rather than interbreeding
between locations. As there were no state records of the western bean cutworm in
many eastern states prior to the year 2000 (Estes 2004, DiFonzo and Hammond
2008), it is extremely unlikely that there were previously established populations
east of Nebraska which would result in interbreeding. Therefore, the high Nm value
between groups likely represents the rate of emigration from the western to the
eastern US, which appears to be very high. A high rate of emigration is supported by
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trap counts of western bean cutworm, which show this insect moving from
Nebraska to New York in just under ten years. The Nm value is an estimate of the
number of migrants, which means that a value of Nm = 12.4929 means that an
estimated 12 western bean cutworm individuals are moving out of an established
area to a new area. While this number is an approximation and should be used with
caution, it does seem to reflect the pattern of colonization seen with trap counts.
When western bean cutworm is first detected in a new area, a small number of adult
moths (1 to 50 individuals) are caught in traps (Estes 2004, Waldron 2010). After
the initial influx of migrants, significantly more moths are caught in traps the
following years (Ontario Ministry of Agriculture
http://www.bautebugblog.com/western-bean-cutworm-moth-catches-climbing).
Thus far, western bean cutworm emigration seems to follow the island model
rather than the stepping-stone model. In the island model of emigration, individuals
from one or more parent populations (the continent, when actual islands are
involved) colonize new areas in a relatively equal, non-distance dependent way
(Hedrick 2000). This is opposed to the stepping-stone model, where gene flow is
distance or habitat dependent (Hedrick 2000). As the Mantel test revealed no
correlation between geographic distance and relatedness, the stepping-stone model
of emigration is not indicated. Instead, it would appear that individuals from many
locations in the west are emigrating to establish populations in the east. The genetic
diversity (Table 4) among eastern locations is slightly higher than among western
populations, which could mean that individuals from different locations in the west
are colonizing and interbreeding in the east. Cluster analysis also seems to suggest
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that there may have been more than one colonization event, rather than an
expansion from a single founder population.
The lack of genetic differentiation among eastern and western locations
could also simply be an indication that not enough time has elapsed since initial
colonization for genetic drift to exert any influence on these subpopulations. At this
point in time, population expansion is still on-going. In the summer of 2010 moths
were captured as far east as Long Island (Ontario Ministry of Agriculture
http://www.bautebugblog.com), and they may yet move farther up the East Coast.
The western bean cutworm is also univoltine, which means that if expansion began
in the 1990s, the moth has been in new territory for less than 20 generations. Given
the incremental expansion eastward, it is possible that future genetic analyses will
reveal a pattern of gene flow that more closely resembles the stepping-stone model.
It will be important to continue to monitor the western bean cutworm expansion
genetically to determine if and when genetic isolation begins to occur between any
of these locations.
A common feature of many population expansions is the founder effect. A few
individuals from the parent population move to a new location and found a
separate, breeding subpopulation. This new subpopulation is genetically isolated
from the parent population, leading to a significant difference in allele composition
and genetic diversity (Hedrick 2000). Typically, the founder effect leads to lower
genetic diversity than is seen in the parent population. If western bean cutworm
locations in the east were subject to the founder effect, we could expect to see a
significant reduction in heterozygosity as well as a significant genetic isolation from
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western locations. However, these data show that there is no reduction in
heterozygosity among eastern locations, nor is there any genetic isolation from
western locations. Miller et al. (2009) came to a similar conclusion by analyzing
differences in the NADH dehydrogenase gene in the mitochondrial DNA of four
subpopulations of western bean cutworm from Wyoming, Nebraska, and Iowa.
Their study revealed no significant heterogeneity between subpopulations, and they
rejected the hypothesis that western bean cutworm subpopulations in the east are
subject to a bottleneck effect. Miller et al. (2009) concluded that as there is no
evidence of a bottleneck effect, it is unlikely that the western bean cutworm evolved
the ability to overcome some barrier, but rather that there was a previous barrier to
population expansion that is no longer present.
The expansion that western bean cutworm populations have undergone in
the past decade is striking. It was sudden and rapid, almost as though it were an
invasive species rather than native to North America. One of the goals of this study
was to attempt to shed light on why the western bean cutworm underwent this
rapid expansion. Whether this insect has evolved the ability to overcome some
ecological barrier, or whether some barrier to territory expansion has recently been
removed is one of the more interesting questions in crop pest entomology at the
moment. These data lend support to the hypothesis that the western bean cutworm
is expanding because some obstacle is no longer present. The next question, then, is
exactly what obstacle(s) were removed that allowed western bean cutworm to
thrive.
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Several hypotheses have been suggested to explain the expansion. There may
not be a single factor responsible for the rapid increase in western bean cutworm
numbers; several recent changes in farming practices could be acting in concert. The
most striking fact is that western bean cutworm territory expansion coincided with
the widespread adoption of maize expressing proteins from the bacteria Bacillus
thuringiensis (Berliner) (Bt) as well as a gene conferring glyphosate tolerance. Bt
corn and glyphosate-tolerant soybeans have altered agricultural practices in the
Midwest in many ways, including tillage practices, pesticide application, and pest
composition.
Traditionally, tillage has been used to control weeds and prepare the
seedbed (Fawcett and Towery 2003). The introduction of herbicide-tolerant
genetically modified crops has reduced the need to control weeds through tilling,
and many farmers now choose to control weeds primarily with herbicides. Indeed,
the number of acres in conservation-till systems has increased in concert with the
increase in acres planted in transgenic crops (Fawcett and Towery 2003).
Conservation-till systems can decrease the amount of labor for a farmer by up to
60%, which also translates into significant savings on fuel and equipment costs (Uri
1999). The goal of conservation-till is to reduce soil erosion and water loss.
Therefore conservation-till is defined as any tillage system that leaves at least 30%
crop residue on the field to hold soil and water in place (Uri 1999). No-till is a type
of conservation-till that leaves the soil undisturbed from harvest to planting, except
for fertilizer inputs (Uri 1999). Seeds are planted in narrow rows and weeds are
controlled with chemicals (Uri 1999). Conservation-till systems reduce soil erosion
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and prevent runoff, which improves the water quality of rivers and lakes in the
agroecosystem (Uri 1999). It is estimated that as much as 1 billion tons of soil per
year are saved by conservation-till practices (Fawcett and Towery 2003).
Conservation-till has many benefits, but the tillage system will obviously affect any
organisms in the agroecosystem and has been identified as a cause for a shift in
arthropod communities in the agroecosystem (Stinner and House 1990). Insect
diversity and the number of natural enemies increase in no-till and conservation-till
systems (Stinner and House 1990). However, conservation-till can also allow pest
species to become more abundant as tilling is a cultural control method for some
insect pests. Subterranean pests such as wireworms may be two to three times
more abundant in no-till fields (Stinner and House 1990). Population levels of the
black cutworm Agrotis ipsilon (Hufnagel), and the variegated cutworm, Peridroma
saucia (Hubner), can increase in conservation-till systems (Stinner and House
1990). When farmers are surveyed, they rate pest problems to be more severe in
conservation-till than in conventional-till systems (Uri 1999). As conservation-till
systems allow other Lepidopteran pests to survive in greater numbers than
conventional-till (Levine 1993), it is possible that the western bean cutworm is
affected in a similar way by different tillage practices. The western bean cutworm
overwinters in the soil in the pre-pupal stage (Douglass et al. 1957). While it has
been suggested that tillage might reduce the survival rate of overwintering prepupae (http://ipm.illinois.edu/vegetables/insects/western_bean_cutworm/), there
are no data on the actual affects of tilling on western bean cutworm survival or
damage.
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Another way Bt crops have changed the agroecosystem is in the rate and
timing of pesticide applications. Bt corn containing the Cry1Ab protein was first
planted in the mid-1990s to control for European corn borer, Ostrinia nubilalis
(Hübner). Prior to the advent of Bt corn, European corn borer was a devastating
pest that required at least two pesticide applications per growing season, as this
insect completes two generations throughout most of the Midwest (Pilcher et al.
2002). However, after the introduction of Bt corn there was an almost immediate
reduction in the amount of pesticides applied to field corn, as European corn borer
is effectively controlled by the Cry1ABb protein (Pilcher et al. 2002). The percentage
of farmers who decreased their use of insecticides due to Bt corn doubled in just
two years, from 1996 to 1998 (Pilcher et al. 2002). In western Nebraska, pest
problems are compounded by dry weather. This means that pests such as spider
mites will often resurge to economic levels after pesticide is applied to control the
first generation of European corn borer (Wright 2006). A separate application of
pesticide may then be applied later in the season to control mite populations. When
pesticide is applied to a field, it generally results in population reductions for a wide
variety of arthropod species in addition to the target pest. The western bean
cutworm begins to emerge from pupation in early to mid July (Douglass et al. 1957)
which means that pesticide applications for spider mites and the second generation
of European corn borer may coincide with western bean cutworm flight (Hunt et al.
2007, Wright et al. 2007). It is possible that, like many secondary pests, western
bean cutworm was effectively controlled when broad spectrum insecticide was
applied in field corn for a primary pest. The recent expansion and multiplication of
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western bean cutworm numbers could reflect, at least in part, the fact that many
farmers are no longer routinely applying pesticides.
Bt crops have effectively changed the composition of pest populations in the
agroecosystem. Several different Lepidopteran species feed on the ears of corn in
the Midwestern US, including the European corn borer, the corn earworm
Helicoverpa zea (Boddie), and the western bean cutworm. The first Bt corn to be
widely adopted was YieldGuard Corn Borer (Monsanto Company, St. Louis, MO)
containing the Cry1Ab protein. This product was primarily designed for the control
of European corn borer, and has also been very effective against corn earworm
(Dorhout and Rice 2010). However, the Cry1Ab protein is not effective against the
western bean cutworm (Catangui and Berg 2006, Eichenseer et al. 2008). This
observation led Dorhout and Rice (2010) to speculate that intraguild competition
among European corn borer, corn earworm, and western bean cutworm could act to
suppress western bean cutworm numbers in non-Bt corn. To test this hypothesis
they set up a number of trials where western bean cutworm was placed in direct
competition with European corn borer or corn earworm on both artificial diet and
in a field setting. They found that western bean cutworms were invariably outcompeted by corn earworms for resources. Corn earworms are also cannibalistic
and aggressive by nature, unlike the western bean cutworm (Douglass et al. 1957),
which results in western bean cutworm being attacked and killed. However, when
the insects were placed on corn expressing the Cry1Ab protein western bean
cutworm survival was significantly higher (Dorhout and Rice 2010). Western bean
cutworm numbers have also been high in northeastern Nebraska, where corn
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earworm is not a significant pest. These data support the hypothesis that western
bean cutworm is simply expanding into a niche opened up by the elimination of
other Lepidopteran species.
Population genetic studies have been conducted on many different
Lepidopteran species. Similar to the western bean cutworm, Clark et al. 2007 found
that the majority of genetic variation was within subpopulations of Spodoptera
frugiperda (J.E. Smith). The Gst and Nm values for fall armyworm subpopulations
were rather lower than those for western bean cutworm subpopulations. Krumm et
al. 2008 found a lower Gst and a high level of gene flow among subpopulations of
Ostrinia nubilalis. Likewise, Kim et al. 2009 found a high level of gene flow among
European corn borer subpopulations. As high as the rate of gene flow is between
European corn borer subpopulations, it is not as high as that of the western bean
cutworm. The butterfly Theclinesthes albocincta Waterhouse is experiencing habitat
fragmentation due to human activity, which is the opposite of the situation facing
the western bean cutworm. Collier et al. 2010 used AFLPs to determine that
subpopulations of this lycaenid that were isolated by distance were also becoming
genetically isolated, raising concerns regarding the potential longevity of small
subpopulations. It seems unlikely that anyone will ever concern themselves over
western bean cutworm conservation, especially if current population trends
continue. The potato tuberworm, Phthorimaea operculella Zeller is another
lepidopteran pest that has recently established economic populations in new
territory. Unlike the western bean cutworm, there appears to be genetic isolation by
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distance between eastern and western subpopulations of this insect (Medina et al.
2010).
Western bean cutworm should continue to be monitored as it colonizes new
territory. It will be important not only because this is an opportunity to study an
insect as it undergoes habitat expansion, but also because it will be important to
monitor locations for resistance to the Cry1F protein. The potential for selection for
resistance to Cry1F exists, as Catangui and Berg (2006) showed that the western
bean cutworm is not entirely controlled by this protein. Locations in the eastern US
should also be monitored over time to determine whether genetic isolation from the
western locations is occurring. For this study, western bean cutworm samples were
collected only from corn. Future studies should examine western bean cutworm
from corn and dry beans for potential host plant strains.
It is likely that a combination of factors has played a part in the recent
increase in western bean cutworm numbers and damage levels. A reduction in the
use of pesticides, recent conversion to low-till farming, and a change in the species
composition in corn ears have likely all coincided in a way that benefits the survival
of the western bean cutworm. When combined with genetic evidence showing no
founder effect and a high rate of emigration, I conclude that the western bean
cutworm is responding to changes in agricultural practices rather than evolving to
overcome an obstacle.
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APPENDICES
Appendix A: List of Equipment and Reagents
Table 10. Equipment and reagents used. A list of the equipment and reagents used in
this study, the purpose of each item, and manufacturer information.
Equipment/Reagent
-80°C Freezer
-20°C Freezer

Step
All
All

-4°C Freezer/Refrigerator

All

NANOpure ultra pure
water system
Autoclave
Micro-Pipettes
Accumet 15 pH meter
hot plate
Balance
Laminar flow biological
safety cabinet
Fume hood
PCR machine

All

Purpose
Sample storage
Sample and reagent
storage
AFLP product and reagent
storage
Sterile technique

All
All
All
All
All
AFLP

Sterile technique
Liquid measurement
Solution preparation
Solution preparation
Solution preparation
Sterile technique

DNA extraction
AFLP

PCR machine

AFLP

DNA extraction
Restriction digestion,
adapter ligation, preselective amplification,
selective amplification,
and denaturing
See above

PCR machine

AFLP

See above

Gene ReadIR 4200

AFLP

Nanodrop
Spectrophotometer
2000c
Heating block
Vortex
Cold Centrifuge
CTAB
RNase
Proteinase K

DNA extraction

Polyacrylamide gel
electrophoresis
DNA quantification

Chloroform
Isoamyl alcohol

DNA extraction
DNA extraction

Isopropanol

DNA extraction

Ethanol
1xTE buffer

DNA extraction
All

DNA extraction
DNA extraction
DNA extraction
DNA extraction
DNA extraction
DNA extraction

Remove RNA and proteins
Mix samples
Remove fats, wash pellet
Buffer DNA extraction
Remove RNA from sample
Denature proteins in
sample
Remove fats from sample
Mix with chloroform to
remove fats from sample
Precipitate DNA from
solution
Wash DNA pellet
Storage of extracted DNA

Manufacturer
Revco
Lab-Line
Gibson
Barnstead
Gilson
Fisher
Corning
Mettler Toledo
nuAire, Inc.
unknown
MJ Research PTC200 Peltier thermal
cycler
Applied Biosystems
GeneAmp PCR
system 9700
Applied Biosystems
GeneAmp PCR
system 2700
LI-COR Biosciences
Thermo Scientific
VWR Scientific
VWR Scientific
Eppendorf
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Made in lab
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EcoR1 restriction enzyme

AFLP

Mse1 restriction enzyme

AFLP

NE buffer 4

AFLP

T4 DNA ligase

AFLP

Common site restriction
digestion
Rare site restriction
digestion
Restriction digestion
buffer
Adapter ligation

T4 ligase buffer

AFLP

Buffer adapter ligation

Custom oligos

AFLP

Pre-amplification primer
mix II
Amplitaq

AFLP

Adapters ligated onto
restriction fragments
Non-selective primer mix

PCR buffer II

AFLP

MgCl2

AFLP

Selective primers
dNTPs
Stop solution

AFLP
AFLP
AFLP

1xTBE buffer
6.5% acrylamide gel

Gel electrophoresis
Gel electrophoresis

TEMED
Ammonium persulfate
Acetic acid
Bind-Silane
Tris-HCl
NaCl
B-mercaptoethanol
Tris-base
Boric acid
EDTA

Gel electrophoresis
Gel electrophoresis
Gel electrophoresis
Gel electrophoresis
DNA extraction
DNA extraction
DNA extraction
Gel electrophoresis
Gel electrophoresis
All

Glycerol

DNA extraction

Computer – Pentium 4
PC/MacBook Pro
SAGA software

Analysis

TextPad/Text Wrangler

Data analysis

Custom software
Popgene v. 3.2
Arlequin v. 3.1
NTSYSpc v. 2.2
Google Earth v. 5.2.1

Data analysis
Data analysis
Data analysis
Data analysis
Data analysis

AFLP

Gel scoring

New England
Biolabs
New England
Biolabs
New England
Biolabs
New England
Biolabs
New England
Biolabs
IDT
LI-COR Biosciences

Selective and pre-selective
PCR
Buffer selective and preselective PCR
selective and pre-selective
PCR
Selective PCR
Selective PCR
Loading buffer/dye for gel
electrophoresis
Buffer electrophoresis
Gel matrix to separate
AFLP fragments
Polymerize gel
Polymerize gel
Comb binding solution
Comb binding solution
CTAB buffer preparation
CTAB buffer preparation
CTAB buffer preparation
TBE buffer preparation
TBE buffer preparation
TBE/CTAB buffer
preparation
RNase/proteinase K
preparation
Data scoring and analysis

MidSci / Applied
Biosystems
MidSci / Applied
Biosystems
MidSci / Applied
Biosystems
IDT
Applied Biosystems
LI-COR Biosciences

Calibrate gels, score band
presence/absence
Format data for genetic
software
Format data
Measure genetic diversity
AMOVA/Mantel test
UPGMA tree
Map construction,
geographic distances

LI-COR Biosciences

Made in lab
LI-COR
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
GE Healthcare
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Dell

Helios/ Barebones
Software
Justin Payne
Yeh 1995
Excoffier 1992
Rolf 2002
Google
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Appendix B: Gel Scoring and Calibration.
In this section I present a series of figures illustrating the gel calibration and scoring
process. Gels were scored with the SAGA MX software from LI-COR Biosciences.

The second lane in each gel is
the first sample. The red
arrow is pointing to sample 1
from location 15.
Figure 7. Lane analysis. Samples within the gel are represented with blue lines. Each
vertical line is one individual. The first and last lanes in each gel are the size
standard, which ranges between 50 and 700 base pairs. The black arrows indicate
the location of the size standard in this gel.
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Figure 8. Calibration. Before scoring, gels were calibrated using the 50-700 bp size
standard. The black arrows to the left of the gel indicate the size of the band in the
size standard. Bands in the gel were then measured based on the size standard.
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Figure 9. Desmile. Physical irregularities in the gel were accounted for using the
desmile function of SAGA.
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Figure 10. Scoring. The SAGA software scored gels automatically, with a plus sign (+)
indicating the presence of a band and a negative sign (-) representing the absence of
a band. Indeterminate bands were scored by eye.
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Appendix C. Sample NanoDrop Data
Table 11. NanoDrop data. The 260/280 value was used to determine purity. Values
≥1.5 were considered of sufficient purity for AFLP analysis, although samples with
lower purity were occasionally used. Samples were diluted to between 20 – 100
ng/µl.
Sample ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Nucleic Acid Conc.
226
70.3
254.7
130.6
557
72.6
137.7
430.8
75.4
83.9
94.4
119.6
77.8
390.4
274.4
228.7
318.3
364.8
136.4
225
692.7
24.6
1078.8
1360.6
2047.5
1092.2
412.1
1021.3
1261.3
638.8

A260
4.52
1.406
5.094
2.612
11.14
1.452
2.753
8.617
1.507
1.679
1.888
2.391
1.556
7.807
5.489
4.574
6.366
7.295
2.728
4.5
13.854
0.493
21.576
27.212
40.95
21.844
8.241
20.425
25.226
12.776

A280
2.493
0.782
3.456
1.419
5.789
0.96
1.47
4.474
0.793
0.973
0.874
1.159
0.816
3.933
3.001
2.65
4
4.388
1.429
2.548
6.986
0.351
11.77
15.074
22.439
12.816
4.79
11.14
13.986
7.541

260/280
1.81
1.8
1.47
1.84
1.92
1.51
1.87
1.93
1.9
1.73
2.16
2.06
1.91
1.99
1.83
1.73
1.59
1.66
1.91
1.77
1.98
1.4
1.83
1.81
1.82
1.7
1.72
1.83
1.8
1.69
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Appendix D. Replication Experiment Gels. Yellow arrows indicate size standards.
Black arrows indicate negative controls (nanopure water). Green arrows indicate
the fall armyworm outgroup. Blue arrows indicate the P. maculiventris outgroup.

Figure 11. Replicate A, primer set M-CAG + E-ACG.
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Figure 12. Replicate A, primer set M-CTG + E-ACG.
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Figure 13. Replicate B, primer set M-CAG + E-ACG.
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Figure 14. Replicate B, primer set M-CTG + E-ACG.
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Figure 15. Replicate C, primer set M-CAG + E-ACG.
.
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Figure 16. Replicate C, primer set M-CTG + E-ACG
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Appendix E. Protocols.
The protocols used in this dissertation have been taken from the general lab
protocols written for the Insect Genetics Laboratory at the University of Nebraska
and modified for use with the western bean cutworm. Modifications are noted in
italics.

Sample storage prior to isolation of DNA

The goal behind any sample storage strategy is to limit the damage done to DNA
through the activity of enzymes that are naturally present in the sample or that
are produced by growing microorganisms. Since these enzymes normally
function in a liquid, aqueous (water-based) environment, three common
strategies for sample storage are freezing, drying or immersion in liquids that
inhibit enzyme activity.

The quality of the starting material affects the quality and yield of the isolated
DNA. The highest DNA yield and quality is achieved by genomic DNA from
freshly harvested tissues and cells. If samples cannot be processed immediately
after harvesting, they should be stored under conditions that preserve DNA
integrity. In general, genomic DNA yields will decrease if samples, particularly
animal samples, are stored at either 2-8oC or –20oC without previous treatment.
In addition, repeated freezing and throwing of frozen samples should be avoided
as this will lead to genomic DNA of reduced size, and in clinical samples, to
reduced yields of pathogen DNA (e.g. viral DNA).
Freshly harvested specimen can be immediately frozen and stored at –20oC, 80oC, or in liquid nitrogen. Lysed tissue samples can be stored in a suitable lysis
buffer for several months at ambient temperature. Animal and human tissue can
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also be fixed for storage. We recommend using fixatives such as alcohol and
formalin; however, long-term storage of tissues in formalin will result in chemical
modification of the DNA. Fixative that cause cross-linking, such as osmic acid,
are not recommended if DNA will be isolated from the tissue. It is also possible to
isolate DNA from paraffin-embedded tissue.
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Storage of DNA
For long-term storage, DNA should be dissolved in TE buffer, and stored at –
20oC. DNA stored in water is subject to acid hydrolysis. Any contaminants in the
DNA solution may lead to DNA degradation. Avoid repeated freezing and
thawing as this will lead to precipitates. We recommend storing genomic DNA
samples in aliquots.

DNA EXTRACTION CTAB METHOD
Specimen:
 If the specimen is a frozen larva, then an incision should be made along the
body length and the gut should be removed.
 If it is a coleopteran adult such as corn rootworm, then, only the thorax region
is used in DNA extraction (remove head, abdomen and wings).
 Similarly, for Lepidopteran adults such as European corn borer, wings should
be removed and the thorax region should be used for DNA extraction. *For
location 27, heads were used for extraction.
 Samples stored in 70-90% alcohol, should first be given approximately two
washes for ~ 15 min with autoclaved double distilled water and then
processed for DNA extraction.

Procedure:


Place specimen in an autoclaved 1.5 ml microcentrifuge tube, add 250
CTAB buffer and homogenize with pestle. Then add another 250

l

l CTAB

and mix well by low speed vortexing. *For large specimens, an extra 250 l
CTAB was added.


Add 10 l proteinase K (stock conc. 20 mg/ml), vortex at low speed. Incubate
1-2 h at 65 oC. Gently mix the homogenate by inverting the tube after every
20 min. *15 l proteinase K was added.
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Add 15 l RNase A, (stock conc. 50 mg/ml) incubate for at least 2h at 37 oC
by gently mixing the homogenate after every 20 min by inverting the tube
several times. Do not vortex.



Centrifuge for 5 min at 14,000 rpm. Remove supernatant, transfer to new
autoclaved tube.



Add 500 l chloroform: isoamyl alcohol mixture (24:1). Mix the organic and
aqueous phases by inverting the tube several times. Do not vortex as DNA
may shear.



Centrifuge for 20 min at 12,000 rpm (room temperature).



Collect the upper aqueous phase, transfer to a new autoclaved eppendorf
tube and repeat the chloroform: isoamyl alcohol extraction step again.



Transfer the aqueous phase into a new eppendorf tube without disturbing the
interface. Add 400 l of chilled isopropanol (-20 oC). Mix gently and keep the
samples at 4 oC for at least 2 h or leave overnight.



Centrifuge for 30 min in a cooled microcentrifuge (4 oC) at max speed/12,000
rpm. At this stage DNA becomes visible as a white/transparent pellet at the
bottom of the tube.



Retain the pellet and carefully discard the supernatant.



Wash the pellet in 500

l chilled absolute ethanol. Tap the tube until the

pellet comes free from the bottom of the tube. Centrifuge for 5 min at 4 oC,
max speed. Decant the supernatant and wash pellet in cold 70 % ethanol.


Centrifuge for 5 min max speed in a cooling centrifuge. Remove as much
70% ethanol as possible with a pipetteman. Air-dry pellet (30 min). Make
sure that ethanol has completely evaporated, then, add 50-100 l autoclaved
1X TE buffer. Re-suspend overnight at 4 oC.

DNA can be stored at 4 oC for short term and at –20 oC for long term.
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SOLUTIONS REQUIRED FOR CTAB METHOD

I. CTAB buffer

Component

Mol. Wt.

Qty. needed
100 ml
200 ml

100 mM Tris-HCl
1.4 M NaCl

157.59
58.44

1.576 g
8.182 g

3.152 g
16.363 g

0.02 M EDTA

372.2

0.744 g

1.489 g

2.000 g

4.000 g

0.2 ml

0.4 ml

2% CTAB
(Hexadecyl trimethyl ammonium
bromide)
0.2% -mercapto ethanol

For a 200 ml solution, weigh out all the components except

-mercapto

ethanol and dissolve in 150 ml nano pure water. Adjust the pH to 8.0 and then
make up the volume to 200 ml. Autoclave the solution and add 0.4 ml (400 l) mercapto ethanol after cooling. Store at 4 oC.
NOTE: CTAB buffer stored at 4 oC forms a precipitate, therefore before
using the buffer for DNA extraction, heat the solution at a low temperature to
dissolve CTAB and then use the solution.
II. Proteinase K (Stock 20 mg/ml): Stored at –20 oC
Weigh 0.02g Proteinase K powder. Add 600

l of autoclaved nanopure

water. Mix thoroughly till proteinase dissolves. Then add 400
glycerol. Store at – 20 oC.
Alternatively, we can buy 20 mg/ml Proteinase K solution.

l autoclaved
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III. RNase A (Stock 50 mg/ml): Stored at –20 oC
Weigh 0.05g RNase powder. Add 600

l of autoclaved nanopure water.

Mix thoroughly till the enzyme dissolves in water. Then add 400

l autoclaved

glycerol. Store at –20 oC.
IV. 1X TE buffer
10 mM Tris-Cl
0.1 mM EDTA

V. Chloroform: Isoamyl alcohol (24:1)
Measure 240 ml chloroform into a beaker and add 10 ml iso-amyl alcohol. Mix
and store in a reagent bottle at room temperature in the fume hood.
VI. Isopropanol (Iso propyl alcohol): Store in a bottle at – 20 oC
VII. 95% Ethanol: Store in a bottle at – 20 oC

VIII. 70% Ethanol: Mix 70 ml 99% alcohol with 30 ml double distilled water and
store in a bottle at - 20 oC

NanoDrop Procedure to Check DNA Quality and Quantity
This section has been written to replace the agarose gel procedure for assessing
DNA quality and quantity.
Place 1 l of 1 x TE buffer on the microvolume pedestal of the NanoDrop
spectrophotometer and click the “blank” button. This prepares the machine to
receive DNA samples suspended in 1 x TE buffer. Next, place approximately 1 l
of extracted DNA on the microvolume pedestal and click the “measure” button.
The NanoDrop software records the 260/280 purity ratio as well as the l/ g
concentration of DNA. A purity of >1.5 or greater is considered sufficient for
AFLP analysis. A concentration of greater than ~100 ng/ l requires dilution.
Samples should be diluted with autoclaved, nanopure water.
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AFLP-PCR

STEP 1: RESTRICTION DIGESTION
Component

Stock

Vol of reagent per

conc.

reaction

NE Buffer 4

10X

1.25

NEB

Mse I enzyme

4U/ l

0.32

NEB

Eco RI enzyme

15U/ l

0.08

NEB

10mg/ml

0.125

NEB

-

3.725

-

BSA
Autoclaved nanopure

Manufacturer

water
 Dispensed 5.5μl into each tube
 Added 7.0 μl template DNA
 Digest for 2.5 hours at 37oC in Perkin Elmer Gene Amp PCR System
9600. Also enzyme denature at 700C for 15 minutes in the same system.
Used the following program
3 temperatures PCR
37oC 60 min
37oC 90 min
70oC 15 min

ADAPTER PREPARATION (DURING OR BEFORE DIGESTION)
EcoR1 Adapter

100 ligation

300 ligation

EcoR1.1 (1μg/ μl)

1.4 μl

4.2 μl

EcoR1.2 (1 μg/ μl)

1.25 μl

3.75 μl

NE Buffer 4

2.5 μl

7.5 μl
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ddH2O

44.85 μl

134.55 μl

Total Volume

50 μl

150 μl

Mse 1Adapters

100 ligation

300 ligation

Mse 1.1 (1μg/ μl)

25.4 μl

76.2 μl

Mse 1.2 (1 μg/ μl)

22.1 μl

66.3 μl

NE Buffer 4

2.5 μl

7.5 μl

Total Volume

50 μl

150 μl

PCR Profile:
65o for 10 minutes
37o for 10 minutes
25o for 10 minutes
store at –20o

Step 2: ADAPTER LIGATION
Component

Stock

Vol. of reagent

conc.

per reaction

EcoRI Adapter

10X

0.5

IDT

Mse I Adapter

10X

0.5

IDT

T4DNA ligase buffer

10X

0.5

NEB

0.15

NEB

3.35

-

T4 DNA Ligase
Autoclaved nanopure

400U/ μl
-

water

STEP 3: DILUTING THE LIGATION MIXTURE

Manufacturer
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A 1:10 dilution of the ligation mixture was performed by transferring 135 μl
of TE buffer to the 0.5 ml microcentrifuge tube containing approximately 15 μl of
the digest/Ligation mixture, and mixing well. Leave it overnight at 4oC.

STEP 4: PREAMPLIFICATION (from Licor protocol)
Add the following components to new PCR tubes.

Component

Stock

Vol of reagent per

Manufacturer

conc.

reaction

Pre amp primer mix II

10X

10.0

LI-COR

10X PCRbuffer

10X

1.25

MidSci

MgCl2 15 mM

10X

0.75

MidSci

AmpliTaq DNA

5U/μl

0.25

MidSci

polymerase
 Dispensed 12.25 μl into each tube and added 1.25 μl diluted template
(step 3)
 Mixed gently and performed 20 cycles of amplifications.

Amplificaiton Conditions:
94oC for 30 s
56oC for 1 min
72oC for 1 min
Soak at 4oC

Note: Calculations shown here represent ½ volume of the volume used in the
Licor protocol.

STEP 5: AGAROSE GEL ELECTROPHORESIS to check pre-amplifications
Condition:
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1% agarose gel



Buffer: 1x TAE



Electrode : 60 Volt



Period: 10-15 min



1 μl pre-amplified product mixed by 1 μl dye loaded

Note: Step 5 was not performed during this project.

STEP 6: DILUTION OF PREAMPLIFIED PRODUCT
A 1:20 dilution of pre-amplified product was performed by adding 190 μl
autoclaved nanopure H2O to approximately 10μl of pre-amplified mixture
*For this project, the product was diluted by adding 195 μl autoclaved nanopure
water to 5 μl of pre-amplification mix.

STEP 7: SELECTIVE AMPLIFICATIONS (from LICOR handout)
 Prepared master mix separately for each primer combo
 Master mixture was prepared for all reactions to compensate for pipetting
error.

Component

Stock

Vol of reagent

conc.

per reaction

6.7ng/ μl

2.0

IDT

-

0.40

IDT

10X PCRbuffer

10X

1.25

MidSci

Mgcl2 15 mM

10X

0.72

MidSci

AmpliTaq DNA
polymerase
Autoclaved
nanopure
water

5U/μl

0.25

MidSci

-

4.10

-

Mse I primer
*IRD-EcoRI Primer

Manufacturer
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 8.62 μl of the mixture was dispensed into each tube containing 2.0
template(1:20 diluted pre-amp mix). DNA was added, mixed and PCR
amplified.

Selective PCR Amplificaiton
Conditions (TOUCHDOWN PROGRAM)
1 cycle

94oC for 30 s
65oC for 30 s
72oC for 1 min

12 cycles

94oC for 30 s
72oC for 1 min

23 cycles

94oC for 30 s
56oC for 30 s
72oC for 1 min

Soak

4oC

*Note: the IRD label is light sensitive, so keep the samples protected from
light by covering with an aluminium foil from this step on

STEP 8: DENATURE
 2.5 μl stop solution (LI-COR) added to samples
 Denature in PCR machine for 3 min at 94 °C
 Store at -20 °C
 Loaded 1μl sample per lane
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STEP 9: GEL PREPARATION

Measure 19 ml (6.5%) gel matrix (4 C).
Allow it to warm to room temperature (approximately 15 min)
Meanwhile prepare gel plates
Wash plates with Vionex soap and water. Wipe plates once with Pledge
anti-dust polish, wipe a second time with 99% isopropanol.
Arrange the plates as indicated below, with the flat edge facing up.
Prepare bind silane solution by pipetting out 100 μl of 10% acetic acid and
100 μl of bind silane into a clean, autoclaved eppendorf tube and mixing it
well.
Apply bind silane to the plates in the area where the comb is inserted and
allow it to dry. Bind silane allows proper well formation.
Place the spacers and fix the plates with clamps. Over-tightening the
screws on the clamps may crack the plates.
Prepare 10% ammonium persulfate solution *Dissolve 0.015g APS in 150
μl nanopure water.

For preparing the acrylamide gel

1. Align the plates properly, with the flat face up

Diagram of the plates:

Region A

Region A

Flat face
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2. Apply a solution of 100μl of binding silane + 100μl of acetic acid (10X) in
region A
3. Align the spaces and thin, join the plates. Remember to join all the faces
of region A
4. Tighten the screws and put the sandwich on the gel casting stand. The
apparatus should fit properly in this stand.
*The sandwiched plates were laid flat for gel preparation, not placed in a
gel casting stand.
5. Prepare a solution of
28 ml of Gel matrix
*150 μl of Ammonium persulfate(10X)
*14 μl of TEMED.
6. Pour the gel with a pipette.
7. Move the plate down in the gel casting stand
8. Place the comb between the plates, pour a little bit of gel under the comb,
align and tighten the casting plate.
9. Wait for 2 hours.
10. Test gel for structural integrity using the pre-run function on the LI-COR
machine.

Reference:
Clark, T. L. 2000. Marker based diagnosis molecular phylogenetics
and discovery of population altering endosymbionts for selected
diabroticites (Coleoptera: Chrysomelidae). Ph.D. Dissertation, Univ.
Neb. Lincoln. 182pp.

SOLUTIONS FOR ELCTROPHORESIS
A. Buffers
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I. TRIS-BORATE (TBE)*

Working

Concentrated stock solution pH 8.0 (per liter)

solution
1X

5X

10X

54 g Tris-base

108 g Tris-base

27.5 g Boric acid

55 g Boric acid

20 ml 0.5M EDTA solution

40 ml 0.5M EDTA solution

(pH8.0)

(pH8.0) 7.44 g salt

* A precipitate forms when concentrated solutions of TBE are stored for
long periods of time. To avoid problems, store the 5X or 10X solution in
glass bottles at room temperature and discard any batches that develop a
precipitate.

